Abstract Non-adiabatic working condition is one of the major causes of performance deterioration in micro gas turbine engines. Complex micro scale geometry, low Reynolds number operating condition and high surface to volume ratio all lead to severe heat transfer. This paper first established a simple heat transfer model to determine appropriate non-adiabatic boundary condition for computational fluid dynamics (CFD) simulations. Isothermal wall temperature is identified as a heat transfer boundary based on model analysis in combination with material selection for pre-design of the engine and verified by the experiment carried out on directed structure applied in the model. A series of numerical simulations with adiabatic and non-adiabatic boundary conditions is then carried out to study the flow characteristics of high speed, low Reynolds number micro impeller. The physical nature for significant performance degradation related to flow behavior changes due to heat transfer effect is revealed by detailed analysis of typical flow features extracted from the comparative investigation. The result established the basis for heat transfer modeling of micro impeller purposing implications for design modification in order to attain high efficiency and better performance.
Introduction
For millimeter-scale gas turbine engines, it is proposed by Epstein [1] that not only is there more heat transfer to or from the structure but thermal conductance within the structure is much higher due to the considerable short length scale. Therefore, it is difficult to achieve a completely adiabatic working condition for the compression system so that there will be heat flux from the hot turbine to the cold compressor resulting heat addition through conduction leading to reductions in mass flow rate, pressure rise, and efficiency. This makes heat transfer a highly important aspect of fluid mechanics in micro turbine engines as micro devices operate in a whole different design space than largescale machines on the entire performance map.
The impact of internal heat transfer between the turbine and compressor of a micro gas turbine rotor on component efficiency, power output and gas turbine cycle efficiency is thoroughly analyzed by Van den Braembussche [2] . A diabatic flow model is established as a function of heat flux for the calculation of performance deterioration. However, the evaluation of the decrease of gas turbine power output and cycle efficiency requires a correct estimation of heat flux.
The Heat transfer impact on micro turbomachinery performance has been discussed by Ribaud [3] . A thermodynamic model taking into account heat transfer in an ultra micro turbine was developed and applied in different cases, confirming that the dramatic penalties in performances of turbomachines are attributed to the non-adiabatic operation. An estimation of the external radiative heat loss which is about 10% of the nominal power for the 2 cm diameter microturbine is reported by the model and a thermal shield of 2 mm thickness is suggested for performance enhancement. In addition, the research proposed that better knowledge of the heat transfer coefficients at low Reynolds numbers in different components should be obtained to refine the model.
Sirakov [4] implemented a set of numerical experiments to identify dominant performance-limiting mechanisms in micro-impellers in order to quantify and characterize their effect on performance. The results on the effect of heat transfer revealed severe performance deterioration with a 25% decrease in efficiency indicating that heat addition is one of the dominant performance limiting mechanisms.
Gong [5] studied the drop in performance of micro impeller on the non-adiabatic working conditions and proposed a thermodynamic model to evaluate the effect of heat transfer. The model is established based on the assumption that the actual non-adiabatic compression process can be considered as two separate processes which are flow being heated under constant pressure and preheated flow being compressed adiabatically respectively. A heat addition parameter is defined so that the effect of heat transfer on total pressure ratio, efficiency and mass flow rate can be quantified for a given working condition with an estimated total heat added to the system. It can be concluded from the review of previous study that most researches mainly focused on the general estimation of performance deterioration affected by heat transfer without exploring the changes of flow behaviors for loss analysis. Therefore, the purpose of this research is to provide an insight into the detailed flow features in micro impellers considering the heat transfer effect. A computational fluid dynamics (CFD) based comparison study of adiabatic and non-adiabatic flow characteristics is carried out to examine the flow phenomenon and to explain the relevant physical mechanisms owing to heat transfer effect in micro impellers. The influence of heat transfer on micro impeller design is also briefly discussed to provide corresponding modifications for better performances.
Diabatic boundary condition modeling
The heat transfer model is carried out based on a simplified structure composed of just the shaft and the impeller disk as shown in Figure 1 . As the bottom surface of the shaft is connected to the turbine disk, it is supposed that there is constant heat flux transferred to the shaft and impeller disk from the turbine through this surface, meanwhile the temperature is uniform at that end of the shaft.
In order to obtain mathematical expression for the temperature distribution of thermal objects, partial differential equation of heat conduction is built on cylindrical 
It is assumed that the heat transfer process inside this geometry can be divided into two stages. The first stage is the upward heat conduction from the bottom surface of the shaft, while the second stage is the heat conduction inside the impeller disk. Subsequently, the approximated temperature distribution on the top surface of the impeller disk can then be expressed as Eq. (4) with conditions matching with previous assumptions provided for the solution.
Considering design condition with the estimated total heat added, the thermal conductivity of material selected for the prototype engine and the preliminary design geometry, the temperature difference on the impeller surface with respect to locations compared to overall temperature can be ignored. In addition, for materials with comparatively high thermal conductivity, the thermal resistance of conduction is much less than the thermal resistance of convection, so the Biot Number is of the order of one percent. Therefore, isothermal wall temperature is hypothetically applicable for non-adiabatic boundary condition. A validation test on the choice of this boundary condition is performed on a scaledup version of the model structure manufactured with silicon. It is approved by the test results that isothermal wall temperature can be adopted as the non-adiabatic boundary condition for the numerical simulations to evaluate the heat transfer effect on the impeller performances.
For the given design request on the micro impeller presented in this research, the heat transfer rate can be estimated by the product of mass flow rate, heat addition parameter and inlet stagnation enthalpy as Eq. (5), where QH is chosen as 0.2 according to cycle analysis on the determination of component specifications.
Furthermore, with the evaluation of the micro turbine wall temperatures of 700 K and 950 K corresponding to the presumed working condition cases of turbine inlet temperatures of 1100 K and 1400 K respectively, the wall temperatures of the micro impeller can be estimated as 450 K and 600 K by the model.
Numerical method
A set of numerical investigations are implemented to quantify the heat transfer effect on the performance deterioration of micro impellers with detailed flow analysis. One of the preliminary micro impeller designs is selected as the baseline geometry to carry out the simulations.
Numerical model
Ansys CFX code is selected to perform steady, Reynoldsaveraged, three-dimensional Navier-Stokes simulations for performance evaluation of micro impellers. High-resolution scheme is used to solve the governing equations. The Reynolds number based on passage height and inlet velocity at design condition is $ 7000 so that the flow in the impeller is taken to be turbulent. A validation of CFD method had been performed by Gong [5] . The design parameters of the micro impeller selected for their research is shown in Table 1 . CFD simulations were performed with renormalization group (RNG) k-e turbulence model. The experimental investigations were performed on the rig with the impeller scaled up by 75 times while maintaining the same Re and tip wheel speed. The comparisons were made at several wheel speeds having satisfactory agreement between CFD and experiment. The research objective presented in this investigation has similar characteristics both in size and working conditions. Therefore, RNG k-e turbulence model is adopted in the numerical investigation in present research.
Mesh independence
A series of structured grids were generated using Autogrid5 and exported to CFX for computations in order to verify solution errors related to the grid. The influence of Figure 1 Simplified structure for the heat transfer model. mesh size on overall performances at two different working conditions is shown in Figure 2 . It is illustrated that the total pressure ratio and isentropic efficiency maintained approximately constant when mesh number reached to 450,000. Therefore, a final grid consist of 149 nodes in streamwise direction, 37 nodes in circumferential direction and 57 nodes in spanwise direction with a total of 484,509 meshes is selected as achieving mesh independence for the single passage flow solution within the impeller to provide enough details for flow analysis.
Boundary conditions
Total pressure of 101,325 Pa, total temperature of 288.15 K and inflow direction are given as inlet boundary condition, while average static pressure over whole outlet is given as outlet boundary condition to simulate different flow conditions. Fixed temperature is set as 450 K and 600 K to solid walls for nonadiabatic simulation as discussed in previous section to study the heat transfer effect under various amount of heat added to the impeller.
Results and discussions

Heat transfer effect on impeller performances
The overall performances based on single passage simulation of the micro impeller investigated in this research calculated with both adiabatic and non-adiabatic boundary condition are shown in Figure 3 .
It is obvious that the heat transfer leads to deterioration in total pressure ratio and efficiency and the performances decrease with the increase of total heat added to the impeller. Besides, as the total heat added to the impeller reached to a certain degree, the scope of the stable working condition for the micro impeller is limited. In order to quantify the influence of heat addition, the performances of the micro impeller investigated in this paper at design condition with different boundary condition are compared in Table 2 . Heat addition results in the reduction of mass flow rate, total pressure ratio and efficiency. The mass flow rate, total pressure ratio and efficiency are reduced by 1.5%, 4.4% and 7.6% respectively with isothermal wall temperature set to 450 K and reduced by 3.7%, 14.5% and 20.8% respectively with isothermal wall temperature set to 600 K compared to adiabatic condition. The efficiency of the impeller is defined as Eq. (6).
Heat transfer effect on blade root separation
The effect of heat transfer on blade loading is indicated in Figure 4 at different blade height. It can be observed that the curves of static pressure along blade surface all moved downwards when heat addition is involved revealing the decrease of compression capability.
The pressure distributions of adiabatic condition and diabatic condition with wall temperature set as 450 K are similar and the differences between them are relatively small at different blade height suggesting that there are no major flow behavior changes when there is only small amount of heat added to the system. This is also supported by the limiting streamlines on the suction side of the blade shown in Figure 5 . It is manifested by Figure 5 (a) and (b) that heat transfer effect merely leads to an earlier separation at hub region near trailing edge.
However, the difference between adiabatic condition and diabatic condition with wall temperature set as 600 K is much more identical than that with wall temperature set as 450 K indicating the occurrence of specific flow transformation in accompany with the growth of total heat addition. Firstly, it can be noticed that there is a shift of shock wave on the suction side of the blade near hub region as highlighted in Figure 4 (a) which induced the separation. The shift of shock wave is attributed to heat transfer resulting in the increase of relative Mach number as shown in Figure 6 . It is observed that the increase of relative Mach number started from the leading edge of the blade with the increase of heat addition and further caused the advanced sudden drop of Mach number due to shock wave gradually.
Secondly, the separation initiated from the front part of the blade near hub region developed to nearly full spanwise range which is an evidently contrast to the small corner separation near hub corner at blade outlet under both adiabatic condition and diabatic condition with wall temperature set as 450 K. Since most compression occurs near the exit of the impeller where the wheel speed is high, such critical full span separation leads to severe weakening of compression capability as illustrated in Figure 4 that there are significant pressure drop at the rear part of the blade at all blade heights. Figure 7 shows the streamlines of tip clearance flow under different working conditions. It can be noticed that the tip flow is attached to the suction side of the blade under adiabatic condition as suggested by Figure 7(a) . For nonadiabatic working condition, the tip flow is still attached to the suction side of the blade, meanwhile starts to shift to the pressure side of the adjacent blade at rear part of the passage when there is heat added to the system as shown in Figure 7(b) . Moreover, the tip flow in the blade passage is driven away from the suction side of the blade towards to the pressure side of the adjacent blade when the added heat is increased indicated by Figure 7(c) . Therefore, the outlet flow angle from the tip clearance is slightly larger for cases with heat addition compared to adiabatic condition. The trajectory change of the tip flow influenced by heat transfer is also manifested by the five hub-shroud contours of static entropy along blade passage from leading edge to trailing edge shown in Figure 8 .
Heat transfer effect on tip clearance flow
The major cause of the trajectory change of tip clearance flow can be explained by the relative Mach number distribution shown in Figure 9 . It is demonstrated that heat transfer results in the increase of relative Mach number in blade passage. Comparing the case with wall temperature of 450 K to the adiabatic one, the relative Mach number increases in the front part of the blade passage and generates the shock wave. The adverse pressure gradient is then enlarged due to the intensive drop of relative velocity caused by the shock wave. Therefore, the blockage within the passage increases and leads to the deflection of tip clearance flow afterwards. Similar mechanism is applicable to the case with wall temperature of 600 K. However, it can be noticed that there is a sudden decline of relative Mach number at the leading edge of the blade, so the deflection of tip clearance flow occurs from the beginning which is a distinguish from the case with wall temperature of 450 K.
The physical essence of tip flow can be divided into two simplified processes. The first stage is the generation of initial blockage inside tip clearance characterized by discharge coefficient as the ratio of actual tip flow rate and ideal tip flow rate. It can be implied from Table 3 that heat transfer leads to the drop of actual tip flow rate so that the discharge coefficient decreases as well which is the illustration of the growth of initial blockage generated inside tip clearance. For the second stage of tip flow, the initial blockage passes through a pressure rise and develops to final effective blockage. As the initial blockage increases due to heat transfer, the final blockage is enlarged as well. In addition to the blockage produced by tip flow, the mixing loss related to tip flow tends to be more critical when heat transfer is involved because of the viscous effect. More intuitive evidence is provided in Figure 10 showing that tip clearance flow caused greater loss due to heat transfer as there is significant efficiency drop in tip region.
Heat transfer effect on empirical parameters relating to micro impeller design
Slip factor is the characterization of backward deviation in exit flow direction which is used to estimate the work input in radial compressors, and is one of the most important empirical inputs for impeller design. Therefore, the acknowledgement of slip factor evaluation involving heat transfer effect is required to provide accurate prediction during design process.
Although slip is fundamentally an inviscid flow effect, it is affected by actual flow phenomena inside the impeller. It can be inferred that heat transfer results in the decrease of slip factor which is attributed to both tip flow and separation. In one way, the enhanced tip flow with enlarged blockage and larger flow angle further increased the deviation of outlet flow Figure 10 Spanwise distribution of efficiency. Figure 11 The effect of tip clearance on slip factor. Figure 12 The effect of relative Mach number on slip factor.
Non-adiabatic flow characteristics of micro impellerdirection. In another way, the separation at the suction side of the blade also added to more deviation. The influence of tip clearance flow on slip factor evaluation has been investigated in previous research shown in Figure 11 . It can be concluded that slip factor decreases with the drop of tip clearance flow rate representing the increase of initial tip clearance blockage. Furthermore, the influence of relative Mach number in micro impeller which can be considered as the implication of the degree of flow separation on slip factor is also proposed in Figure 12 . The trend of the variation of slip factor with relative Mach number suggested that slip factor decreases with exacerbated flow separation.
Based on the analysis carried out in previous sections and the earlier discussion, the effect of heat transfer on the decrease of slip factor is supposed to be much more critical with relatively higher wall temperature than that with lower wall temperature as the separation became severe due to more heat addition. This is proved by Table 4 that the decrease of slip factor for the case with wall temperature of 450 K comparing to the adiabatic case is rather small while the decrease of slip factor for the case with wall temperature of 600 K is drastic certifying that separation is another key factor responsible for the decrease of slip factor besides tip clearance flow.
Conclusions
The effect of heat transfer on the performance and flow features of micro impeller is studied in this paper. A simplified heat transfer model is established to determine the most appropriate non-adiabatic boundary condition for CFD simulation in order to reveal influence on flow features of micro impeller due to heat addition. Isothermal wall temperature is adopted as the non-adiabatic boundary condition in the following CFD simulations based on the brief analysis of the model. The characteristics of flow within micro impeller passage are investigated through CFD method with both adiabatic and non-adiabatic boundary condition. For the cases studied in this research, heat addition is responsible for the reduction of mass flow rate, total pressure ratio and efficiency. The mass flow rate, total pressure ratio and efficiency are reduced by 1.5%, 4.4% and 7.6% respectively with isothermal wall temperature set to 450 K and reduced by 3.7%, 14.5% and 20.8% respectively with isothermal wall temperature set to 600 K compared to adiabatic condition as a result of representation. The dominant effect of heat transfer on flow characteristics of micro impeller can be drawn as follows:
(1) Heat transfer leads to the increase of relative Mach number at impeller hub region resulting in earlier occurrence of flow separation owing to the shift of shock wave. The separation zone grows larger when heat transfer is involved. The separation initiates from the front part of the blade and developed to nearly full spanwise range which is an evidently contrast to the small corner separation near hub region at blade outlet under adiabatic condition. (2) The angle of tip clearance flow is slightly larger for cases with heat addition compared to adiabatic condition and the tip flow is driven more towards to the pressure side of the adjacent blade. The initial blockage generated inside tip clearance is increased due to heat transfer and further results in greater loss due to heat transfer. (3) The decrease of slip factor caused by heat transfer is attributed to both tip clearance flow and separation. Therefore, the initial tip clearance flow blockage and the relative Mach number should be accounted for the correction of slip factor in impeller design so as to provide reasonable adjusted range for inputs.
